The spin-polarized surface states in topological insulators offer unique transport characteristics which make them distinguishable from trivial conductors. Due to the topological protection, these states are gapless over the whole surface of the material. Here, we detect the surface states in the topological insulator BiSbTeSe2 by electrical means using a non-local transport configuration. We unambiguously probe the spin-momentum locking of the topologically protected surface states by spin-sensitive electrical read-out using ferromagnetic Co/Al2O3 electrodes. We show that the non-local measurement allows to probe the surface currents flowing along the whole surface, i.e. from the top along the side to the bottom surface and back to the top surface along the opposite side. This is in contrast to local transport configurations where only the surface states of the one face being in contact to the electrodes can be measured. Our results furthermore exclude the contribution of the bulk to the non-local transport at low temperatures. Increasing the temperature, on the other hand, increases the interaction between bulk and surface states, which shortens the non-local current path along the surface and hence leads to a complete disappearance of the non-local signal at around 20 K. All this demonstrates that the non-local signal at low temperatures is solely due to the topologically protected surface states.
The helical surface states of three-dimensional (3D) topological insulators (TIs) are the result of bulk band inversions which occur, e.g., in the presence of strong spin-orbit coupling [1] . Under an electrical bias voltage, the spin-texture of the surface states leads to a spin-polarized current with the polarization being locked perpendicular to the momentum direction [2, 3] . This unique property makes it possible to control the spin-polarization by reversing the current flow direction. As electrical transport in 3D TIs can also depend on bulk states, various strategies have been followed to pinpoint the contribution of surface states within transport measurements. Examples for these efforts include the tuning of the Fermi level in the bulk band gap by electrical gating and detecting a residual conductivity due to surface states, as well as the measurement of quantum oscillations at large magnetic fields Refs. [4] [5] [6] [7] [8] .
The direct electrical detection of the spin-polarized surface current by using spin-sensitive ferromagnetic electrodes was first proposed by S. Hong et al. [9] . In this potentiometric measurement technique, the detected electrical voltage depends on the relative orientation of the magnetization direction of the sensing ferromagnetic electrode and the direction of the charge carrier's spin-polarization in the surface states. Therefore, reversing either the magnetization direction of the ferromagnetic electrode by an external magnetic field or reversing the flow direction of the current lead to a sign reversal of the detected voltage. This behavior has indeed been seen in several studies and the current and gate voltage dependency was shown to match the theoretical understanding of the surface states [10] [11] [12] [13] [14] [15] [16] [17] [18] .
However, one major controversy in interpreting spin-sensitive transport measurements on bismuth-based topological insulators is the possible contribution from bulk transport (black arrows in Figure 1 ). Despite major developments in achieving a highly insulating bulk [19] , it is still difficult to separate effects coming from bulk states which may show similar transport signatures as the ones expected from surface states [20, 21] . This is a crucial issue in local measurements of the surface states in-between source and drain contacts (transport over these surface states is depicted by the blue area in Figure 1(b) ). However, the topologically protected surface states are expected to fully enclose the 3D bulk connecting all facets of a strong TI [22] . If surface and bulk states are sufficiently decoupled, a third transport channel opens from source to drain, carrying the current non-locally along the surface even away from the region between source and drain electrodes (see red current path in Figure 1 ) [23] [24] [25] [26] . Because of the spin-momentum locking of the surface states, the electrons contributing to transport in this second surface channel will have an opposite spin orientation compared to the ones of the surface channel which directly connects source and drain electrodes. A non-local [27] , spin-sensitive voltage probing of this second surface transport channel thus offers to separate the contributions of surface and bulk states in electrical transport and allows the electrical detection of the spin-momentum-locked surface states.
In this Letter, we report on both local (L) and non-local (NL) electrical probing of the surface states in exfoliated BiSbTeSe 2 (BSTS) flakes [19] .
We use Co/Al 2 O 3 top electrodes to perform spin-sensitive measurements. In the local configuration the voltage is probed in-between the source and the drain electrodes while in the non-local configuration the voltage outside the source-to-drain region is probed. The local voltages exhibit contributions from both surface and bulk states. However, only in the non-local configuration the voltage probes can solely detect the surface transport through the bottom surface (see red current path in Figure 1 (b)). We confirm this surface transport by the correct sign of the non-local voltage and the spin-momentum locking by the reversal of the non-local spin signal when reversing the source-drain current direction. Together with the corresponding measurements in the local configuration, we confirm spin-momentum locking of the conducting surface states throughout the whole surface layer of the crystal. The spin signals in both detection geometries are strongly temperature dependent and disappear above 50 K which excludes magnetic fringe-fields from the ferromagnetic electrodes as the origin of the spin signals. Furthermore, we identify thermally activated transport through bulk states at higher temperatures which explains the loss of the non-local spin signal due to the disappearance of a decoupled surface state contribution.
The BSTS flakes were prepared by mechanical exfoliation onto SiO 2 /Si ++ substrates. Tunnel-barriers were fabricated by evaporation of an Al seed layer (≈1 nm) which got naturally oxidized, followed by thermal atomic layer deposition (ALD) with tri-methylaluminum (TMA) and water as precursors of ≈1 nm Al 2 O 3 . Next, using lithography techniques, patterned cobalt (Co) electrodes were fabricated. An optical image of the device together with an atomic force microscope image of the BSTS-flake after exfoliation are shown in Figures 2(a) and 2(b). The thickness of the flake is ≈40 nm. All transport measurements were performed in a continuous-flow cryostat.
The temperature dependent resistance of the device shows a semiconducting behavior at high temperatures and a transition to a metallic regime at T ≈ 200 K (see Figure 2 (c)). This transition corresponds to the depletion of impurity bands within the bulk band gap [6] . The metallic behavior, on the other hand, indicates surface transport which persists down to low temperatures. As it is depicted in Figure 2 (d), a low-field magneto-resistance measurement at T = 2 K shows the cusp-like feature resulting from weak anti-localization (WAL) [28] [29] [30] [31] [32] . The existence of WAL in topological insulators is a hallmark of the strong spin-orbit coupling strength. We use the Hikami-Larkin-Nagaoka (HLN) model [33, 34] for fitting the WAL curve (see red trace in Figure 2 (d)) and extract a phase coherence length of around 240 nm. We note that WAL measurements cannot easily distinguish between surface and bulk transport [34] .
In order to unambiguously probe the spin momentum locking of the surface states, we now focus on the transport measurements in both local and non-local detection geometries (see Figures 3(a) and 3(b)). By applying a current between the source (S) and drain (D) electrodes in the L configuration, the current may flow through both the top (S L 1 ) and bottom (S L 2 ) surfaces and through the bulk (B L ) which leads to three parallel conduction channels as it is shown schematically in Figure 3 (c). In the L detection configuration, it is therefore not possible to distinguish between surface and bulk contributions since the voltage is measured simultaneously across both.
However, in the NL geometry ( Figure 3 Figure 5 ). The amplitude of the NL voltage-drop is magnified by a factor of 1000 for clarity. Figure 3 (d) revealing opposite flow directions of the current in the local and non-local voltages as detected by the sign reversal of the respective voltage drops. In this measurement, the positive sign of current corresponds to electrons moving in the +x direction in the bulk channel. In this case, the voltage drop measured between the local contacts, i.e. V L = V 2 − V 1 , has a positive sign (see blue line in Figure 3(d) ). Applying a DC current in the same direction in the non-local geometry, however, results in a negative voltage, V NL = V 4 − V 3 , indicating an electron flow in the −x direction (see red line in Figure 3(d) ). This is consistent with the flow directions illustrated in Figures 3(a) and 3(b), respectively, and indicates transport along S NL 2 in the non-local configuration. The three orders of magnitude difference in the two measured voltages is an indication that in the local geometry the bulk transport channel is dominant.
The spin-momentum locking of the surface states demands spin-polarization of the non-local current. We therefore use spin sensitive ferromagnetic electrodes to allow for potentiometric detection of the spin-polarized surface current [9] . For this we apply in-plane magnetic fields along the y-direction to reverse the magnetization directions ( M ) of the Co electrodes. As shown in Figure 4 , we observe well-defined hysteresis loops in both local and non-local configurations which are expected when the contacts are magnetized either parallel or antiparallel to the spin-polarization ( S) of the surface carriers. We note that the spin sensitive probing of the surface states in TIs has not yet been explored in the NL configuration. Spin diffusion in the bulk channel cannot contribute to the non-local spin signal due to the rapid spin relaxation. The spin diffusion length in BSTS crystal has been estimated to be a few nanometers [35] which is much smaller than the 1.8 µm minimal distance between the current leads and the non-local detection electrodes. Therefore the non-local switching originates from transport through the surface channel S NL 2 only. It is worth noting that the data shown in Figure 4 are single traces without any additional averaging step. A constant offset value from zero is, however, subtracted considering the sign of the signal as it is explained in the Supporting Information [36] . Due to spin-momentum . Although the latter sign-reversals are consistent with the reversal of the current flow directions seen in the IV-characteristics discussed above (see Figure 3 ), we note that several factors other than spin-polarization of surface states can influence the sign of the hysteresis. This includes different relative detection efficiencies of the ferromagnetic detectors considering the absence of a non-magnetic reference electrode in these measurements. The detected spin chemical potential directly depends on the detection efficiency of the ferromagnetic contacts which can be different for each individual electrode. Regardless of the surface spin polarization direction, the sign of the spin signal can be determined by the positioning of the more efficient detector relative to the less efficient one [36] . Furthermore, as Li and co-workers [37] pointed-out, there are other factors such as spin-dependent interface resistances which can affect the sign of the signal. Therefore, we are careful of not making any conclusions about the absolute sign of the hysteresis curves based on the direction of the current. We next focus on the amplitude of the spin signals which is given by the difference between the low and high resistance states of the hysteresis curves. In contrast to the three orders of magnitude difference in the offset voltage superimposed to the hysteresis curves (see e.g. I-V characteristics shown in Figure 3(d) ), the amplitude of the spin signals differs only by a factor of ∼10 between the two detection geometries. Interestingly, we can explain this factor very well within a three-channel transport model of the topological insulator. For this, we estimate the currents flowing in the probed surface channels (i.e. the currents responsible for the spin signals), which differ between both configurations due to the different lengths of each channel (see Figures 3(a)  and 3(b) ). We use a simple equivalent circuit model as shown in Figure 3 (c) and apply Ohm's and Kirchhoff's laws. The ratio of the surface to the bulk currents in both L and NL measurement geometries can be written as (see Supporting Information for a more detailed discussion [36] ):
with I i S1(2) being the current through surface channel 1 (2), I i B the current through the bulk, ρ S(B) the normalized resistances for the surface (bulk), and L i B,S1(2) being the corresponding length of each individual channel. Using this equation for both local (i = L) and non-local (i = NL) detection geometries, the ratios of the surface to bulk currents in each case can be extracted. Assuming that the bulk channel is the major conductor of the current between the source and drain electrodes in both geometries (I L B ≈ I NL B in our constant current measurements), the ratio between the spin-polarized surface currents responsible for the spin signals in both geometries can be approximated to I NL S2 /I L S1 ≈ 0.17. Assuming a similar spin detection efficiency between the electrodes and the well-established fact that the spin-related voltage drop in the hysteresis measurement scales linearly with current [9] , we end up with a rather good agreement to the ratio of the spin signal amplitudes ∆R NL /∆R L ≈ 0.1 in the two configurations. This supports our notion that both spin signals originate from surface-states. Hence, in the local geometry, the bulk states are only contributing to the offset voltage added to the spin signal (see the I-V characteristic in Figure 3 (c)), whereas we solely probe the spin-polarized current of S NL 2 in the non-local geometry.
The role of the surface states to the overall transport can further be identified by analyzing the temperature dependent spin signals. Figures 5(a) and 5(b) show the evolution of the hysteresis curves for both local and non-local detection geometries with increasing temperature.
The amplitudes of the temperature dependent hysteresis curves, shown in Figures 5(c) and 5(d), are extracted by subtracting the mean value of the low resistive branch from the high resistive branch of the measured data.
Furthermore, the magnetic field independent offset values of the hysteresis curves normalized by the value of applied current are extracted at B = 50 mT and are plotted in Figures 5(e) for R NL and 5(f) for R L as a function of temperature. There are two main observations in the temperature dependent measurements. First, the hysteresis in both configurations gets rapidly diminished as the temperature is increased. In fact, the non-local spin signal vanishes around T ≈ 16 K ( Figure 5(c) ) while the local spin signal lasts up to T ≈ 45 K ( Figure 5(d) ). This demonstrates the spin-related origin of the hysteresis curves since no strong temperature dependency is expected from artifact signals originating from magnetic fringe fields by the electrodes [21] . Second, there is the distinct difference between the evolution of R L (Figure 5(f) ) and the amplitude of local spin signal (∆R L ) ( Figure 5(d) ). In the non-local geometry, however, both quantities (∆R NL and R NL ) show a monotonic decrease and disappear completely at a similar temperature (Figures 5(c) and 5(e)). Interestingly, the non-local spin signal in Figure 5 (c) becomes very small at a temperature where the local resistance in Figure 5 (f) goes through a minimum (see black arrows).
Considering the bulk band gap of BSTS, it is expected that the bulk channel does not contribute to transport at such low temperature. However, it is well known that in Bi-based 3D TIs it is nearly impossible to achieve a completely insulating bulk [7, [38] [39] [40] [41] [42] [43] . The temperature dependent resistance measurement shown in Figure 2 (c) reveals a transition from activated to metallic transport below T ≈ 200 K, which indicates the depletion of bulk states. However, as it was shown previously, variable range hopping (VRH) in the bulk may still contribute to transport at low temperatures [19, 44] . In particular, in BSTS compounds, the compensation of acceptors and donors which can explain the low bulk carrier concentration, results in random local potential fluctuations and therefore the formation of charged puddles. When the size of these puddles gets large enough, charge carriers can tunnel between neighboring puddles and can therefore form a parallel conduction channel which couples to the surface states and gives rise to additional scattering of surface carriers. This mechanism limits the spin-polarized transport on the surface and therefore leads to the suppression of the non-local signal [45] .
The temperature dependent VRH transport is predicted to be weaker than a simple thermally activated transport, R ∝ exp[(T 0 /T ) x ] with x < 1 for a 3D system [44] . As shown in the Supporting Information [36] , this is in agreement with the temperature dependent local voltage for T < 20 K. Increasing the temperature activates the hopping transport in the bulk and limits the transport through the surface states and therefore explains the disappearance of the non-local signals.
In conclusion, we have measured the spin-momentum locking of the surface currents along the whole surface of BiSbTeSe 2 by non-local spin-sensitive voltage probing without contributions from bulk transport. This is in contrast to local measurement configuration where the probing of surface transport is limited to the region in-between source and drain contacts. In this technique, the local voltage-probes typically measure both surface and bulk transport. Previous studies of the spin-momentum locking and the peculiar spin textures of 3D-TIs were limited either to the direct probing of the top surface of the material or to indirect measurements of the spin texture of a buried 3D-TI surface by, for example, proximity coupling to other 2D materials such as graphene [46] [47] [48] [49] . Our study demonstrates that the surface currents of a buried TI surface in contact to an insulator (SiO 2 in our case) can be directly measured by non-local transport configurations, which allows to probe spin-momentum locking of buried surfaces in more advanced van der Waals heterostructures. , and by the Helmholtz Nano Facility [50] . The work at Cologne was furthermore funded by the DFG under project number 277146847 -CRC 1238 (Subprojects A04) -and project number 398945897.
Supplemental Material: Non-local electrical detection of spin-momentum-locked surface currents in the 3D topological insulator BiSbTeSe 2
S1. BACKGROUND SUBTRACTION FROM THE SPIN SIGNAL
In the following we show that the correct background subtraction of magnetic-field-independent voltages is crucial to obtain the correct signs of the magnetic hysteresis loops of the respective spin signals. Fig. S1(a) shows a set of raw data of the non-local voltage measured with a DC current applied in two opposite directions. It can be seen that the sign of the background also depends on the current direction. However, the shape of the signal is similar in both cases, i.e. the red trace is above the blue trace. But considering the different sign of the background signal, the similar shapes yield to different trends: Going from negative to positive magnetic fields (blue curves), the signal increases in case of I = 2 µA, whereas it decreases in case of I = -2 µA. When removing the background (see Figs. S1(b) and S1(c)), its sign should also be considered. From the measurements shown in Fig. S1 it can be concluded that the sign of the spin signal indeed depends on the direction of the current. In the local detection geometry (Fig. S2(c) ) we can write:
and similarly in the non-local geometry( Fig. S2(d) ):
The ratio of L and NL surface currents can be extracted using Eq. S1 and Eq. S2 as:
The first and second terms on the right side of the Eq. S3 can be determined from the dimensions shown in Figs. S2(a) and (b) as L L S1 /L NL S2 = 0.48 and L NL B /L L B = 0.36. With the reasonable assumption that the majority of the current is passing through the bulk channel (I L B ≈ I NL B ), the last term in Eq. S3 is ≈1. This simple calculation results in I NL S2 /I L S1 ≈ 0.17, which is very close to the ratio of the spin signal amplitudes in the two detection geometries, ∆R NL /∆R L ≈ 0.1. Fig. S3 depicts the Arrhenius plot showing the increase of the resistance at temperatures below 25 K as it is discussed in the main text. It can be seen that the Arrhenius fit, R ∝ exp[(T 0 /T ) x ] with x = 1 does not represent the measured data. This shows that the temperature dependency is weaker than what is expected from a simple thermally activated transport and points-out toward the VRH mechanism as it is discussed in the main text (x < 1). 
S3. BULK CONTRIBUTION IN LOW TEMPERATURE TRANSPORT
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